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Magnetic Behaviour of Supraconducting
Tin Spheres By K. M endelssohn a n d J. D. Babbitt
{Communicated by F. A. Lindemann, F.R.S.-Rec
Until a year ago it was generally accepted that if a body is made supraconducting while in a magnetic field the lines of magnetic force were " frozen in," i.e., whatever lines of force passed through the body at the time when it became supraconducting remained there afterwards, un affected by any change in the external field, so long as the body was supraconducting. Meissner and Ochsenfeld,* however, showed that this supposition was not true. They measured field strengths in the immediate neighbourhood of cylinders which had been cooled to supraconductivity in an external magnetic field, and found that the field of force was then of the same nature as that to be expected in the neighbourhood of perfectly diamagnetic bodies. Thus it appeared that when a body becomes supraconducting in a magnetic field the lines of force are all pressed out of the body, and the induction inside the body falls to zero.
At the same time, however, these authors report on another experiment, the result of which appears to us not entirely in accordance with the assumption that the induction in the whole body became zero. They measured the field strengths inside and outside a hollow cylinder, after it had become supraconducting in a field perpendicular to its axis, and found again that the field strength outside was as if the cylinder were almost perfectly diamagnetic, but the field inside was appreciably the same as if the cylinder were non-supraconducting. We therefore made a number of experiments, hoping to find out more exactly the nature of the phenomenon.
P r e l im in a r y E xper im e n ts
As a simple preliminary, we first made measurements on the magnetic dipole which could be induced in a supraconducting sphere. * Suppose a body is in a constant magnetic field and is cooled below its transition temperature for the given field; and suppose the field is then switched off. Now according to Meissner's results all lines of force should have been pressed out of the body when it became supraconducting, and therefore when the field was switched off the body should have no residual magnetic moment. On the other hand, if the old theory of " frozen in " lines of force is right, the body should be a dipole at the end of the experiment; and the strength of this dipole has been calculated by Lorentz.f We made experiments on these lines with tin spheres, solid and hollow. A small helium liquefier, working by the expansion method,! was used to produce the low temperatures ; the apparatus is shown diagrammatically in fig. 1 . The magnetic field was produced by a cylindrical coil outside the Dewar vessel surrounding the apparatus. The moment of any residual induced dipole was measured with a test coil, also outside the Dewar vessel. The test coil could be quickly moved to a distance from its position near the sphere in the direction indicated by the arrow in fig. 1 , and the current induced in the test coil was measured with a ballistic galvanometer. Both tin spheres were 1-5 cm in radius, the hollow space inside the hollow sphere being about half the total volume.
The results of this investigation were not in absolute accordance with Meissner's results, nor did they conform with the earlier assumption that the entire flux was frozen in. With both specimens an induced dipole appeared when the field was switched off at temperatures below the tran sition temperature, but the dipole for the solid sphere was only about one-sixth of the moment to be expected from Lorentz's calculations. The dipole for the hollow sphere was rather more than twice that for the solid sphere, under the same conditions. We then measured the partial " freezing in " in another way. The spheres were cooled below the normal transition point in field zero, and then a field more than sufficient to overcome supraconductivity was switched on and off. The observed dipoles agreed with those of the previous experiment, where the specimens were cooled in a magnetic field.
In fig. 1 the sphere is shown as being cooled from the helium reservoir through a rod of electrolytic copper connected to the pole of the sphere. In order to test whether the results depended upon which parts of the sphere were cooled first an experiment was tried in which the spheres were cooled from the equator, by means of electrolytic copper wires melted in at the equator and connected directly to the helium reservoir. The previous experiments were repeated under these conditions and yielded identical results.
Finally, measurements were made on the change in the dipole with increasing temperature, in a zero external field. It was found that with increasing temperature the dipole decreased gradually and became zero when the normal transition temperature was reached. These measure ments were repeated with lead spheres, and fig. 2 shows the moment of the dipole induced in a lead sphere at different temperatures during warming in field zero. The sphere had been previously cooled in a con stant field of 420 gauss from 10° K to 4-2° K. The dipole moment is given in arbitrary units. Two different explanations of these phenomena suggest themselves. (1) The permeability of a body decreases very much on transition to supraconductivity, but does not become zero, so that part of the magnetic flux remains. (2) The permeability of a supraconductor actually is zero, but parts of the body remain non-supraconducting below the transition temperature. We give reasons below for rejecting (1); we shall now discuss (2) further.
Suppose then that at the transition to supraconductivity in an external field the supraconductivity does not spread outwards from a single spot, but, rather in the manner suggested by Gorter*, starts at various places within the body. If so, it is possible that rings of supraconducting material are formed, which enclose areas of non-supraconducting material. Lines of force threading such a supraconducting ring cannot escape from the body. They are " frozen in." The induction within the ring cannot become zero, and therefore the space within the ring must remain nonsupraconducting, since the lines of force within it cannot get out. This hypothesis also accounts for the observed fact that the number of " frozen in " lines of force is greater in hollow than in full spheres. For when parts of the equatorial zone in a hollow sphere become supraconducting, lines of force will be pushed inwards as well as outwards, and when a supraconducting ring forms near the equator the flux within it will have F ig . 2 to remain there. Hence there should be more lines of force " frozen in " in a hollow sphere than in a solid sphere. Similarly, the hypothesis accounts for the above-mentioned results of Meissner with a supracon ducting hollow cylinder.
Since we first reported on these experiments, Keesom and Kokf and also Rjabinin and ShubnikowJ have published confirmatory results. Rjabinin and Shubnikow measured the permeability of supraconductors, while Keesom and Kok obtained results calorimetrically, which they account for on the hypothesis of " frozen in " lines of force.
The object of these preliminary experiments had been to find out the general nature of the phenomena to be expected, and to determine roughly the order of magnitude of the effects. It appeared advisable next to make more accurate measurements, and also to measure the changes in induc tion when the external field was not zero. Since the test coil outside the Dewar vessel could not measure changes in induction near the sphere, and could not be used in external fields, we changed the method somewhat and made a series of experiments of a different type which we describe below.
If a body is cooled in a magnetic field its transition to the supraconducting state takes place at a lower temperature than the normal transition temperature. The value of the transition temperature in a field depends on the field strength, and on the nature of the body. A typical curve showing the type of relation between transition temperature and field, the so-called " threshold value " curve, is shown in fig. 3 , the shaded area representing the region in which there is supraconductivity. Now there are clearly two simple ways in which a body can be made to pass from the non-supraconductive to the supraconductive state :-(1) by lowering the temperature in a constant field, and (2) by lowering the field strength at a constant, sufficiently low, temperature. For the sake of clearness we shall discuss the results of experiments of types (1) and (2) separately, although they were obtained with the same experimental arrangement.
M ethod
The specimens used were again tin spheres cast from pure tin supplied by Messrs. Hopkin and Williams. The spheres were 3 cm diameter and the space inside the hollow sphere took up about half the volume. Two helium hquefiers were used which worked by the expansion method, and the specimens were attached as in fig. 1 . We measured the field by the resistance of a bismuth wire* wound round the equator of each specimen, several turns of the wire being necessary to give a suitable resistance.
The result of this was that the mean field in an equatorial zone of about 20° was measured, and not strictly the field at the equator. The wire was made by extrusion of " analytical bismuth " supplied by Messrs. Hopkin and Williams.
The calibration curves of the bismuth wires were obtained by measurements in the field at a temperature slightly above the normal transition point of tin, 3 • 7° K. At such temperatures the field is not distorted by the specimen. This method of calibration was necessitated by the fact that each individual bismuth wire had to be calibrated in situ as it proved impossible to wind the wire twice without breaking it. A separate experiment on a specimen of the bismuth wire showed, however, that the variation of the calibration curve was negligible within the temperature range of our experiments.
The temperatures were measured with a gas thermometer and a helium vapour pressure thermometer. The gas thermometer has already been described by one of us,f and the thermometer space was soldered to the outside of the liquid helium vessel as in fig. 1 . The vapour pressure thermometer consisted of a manometer which opened directly to the helium vessel. Both thermometers agreed within the error of observation without appreciable time lag. This shows that owing to the small amount of liquid helium used in these liquefiers, and to the high thermal con ductivity of the copper container, temperature equilibrium is reached very quickly.
As in the preliminary experiments, the external field was produced by a coil outside the Dewar flask containing the liquid hydrogen. Measure ments with a test coil, which was small compared with the specimens, showed that the inhomogenety of the central region of the field in which the specimen was placed was less than 1%. constant field. The absolute temperature is the abscissa and the field strength at the equator of the specimens, Hj the ordinate. Fig. 4 (a) and Table I give the results on cooling the solid sphere in a constant external field of 100 gauss. The field at the equator started increasing at about 2-9° K and reached its maximum at about 2-6° K. The final value was about 18% above the initial value. Fig. 4 ( ) The field at the equator in this experiment started to fall at about 2-9° K, and finished falling at about 3 • 10 to 3 • 2° K. It will be seen that the scatter of points on warming up is much greater than on cooling down the sphere. This has not yet been fully explained, but we think it must be due to some kind of thermal lag, such as might be caused by the magneto-caloric effect discovered by Miss Moore and one of us.* Owing to this scatter, the ratio of the equatorial field below the transition tempera ture to its value above the transition temperature could not be determined accurately, but within the error of observation the results on cooling down the sphere agreed with the results for warming it up.
I-Experiments with a Constant External
Finally, fig. 5 and Table III give the results of a cooling experiment with a hollow sphere in a field of 100 gauss. The curve is exactly the same shape as that for a solid sphere, but the increase of field at the equator was now only 10%. The increase began at 3 • 1° K and ended at 2-95°K.
We also made control experiments with both spheres. The spheres were first cooled well below the normal transition point of tin, in zero field. Then a field smaller than the threshold field for this temperature was switched on. The strength of the field at the equator was then found to be 45% greater than the external field in both cases. For an absolutely diamagnetic sphere, this excess should be 50%. The slightly smaller value found must have been due to the fact that, as has already been mentioned, the bismuth wire covered a zone of about 20° and therefore the field measured by it was not strictly at the equator of the specimens. 125,---------- II-Experiments at a Constant Temperature-Figs. 6 to 8 show the results obtained by varying the external field while keeping the tempera ture of the specimen constant. The external field strength H is plotted as abscissa, the specimen being supposed absent, and the ordinate is the increase in the resistance AR of the bismuth wire, caused by the magnetic field. On each figure a calibration curve is given of the resistance of the bismuth wire plotted against the field strength in gauss. These calibra tion curves are plotted as broken lines. The strength of the equatorial field for a certain resistance of the bismuth wire is therefore the same as the strength of the external field corresponding to the same resistance in the calibration curve.
The method of performing the experiments was to cool the spheres below the normal transition temperatures in zero external field. Then, the temperature being kept constant, the field was gradually increased to some value above the threshold value at this temperature and the resistance of the bismuth wire measured at intervals during the process. Then the field was reduced again to zero, further readings being taken. In each figure the thick curve is for increasing external field and the thin curve for decreasing external field. the curve for decreasing external fields continued to follow the curve for increasing external fields, until a value of about 205 gauss was reached, where it bent down sharply. From now on the curve ran parallel to the curve for increasing external fields, and the field strength at the equator became zero, when the external field was still about 20 gauss. On further lowering the external field the equatorial field strength rose again, and reached a value of about 30 gauss, when the external field became zero. Fig. 7 and Table V give the results of another experiment with the solid sphere, the constant temperature being 1 -74° K. The results are similar to those of the previous experiment. In this experiment for increasing field the ratio of the fields began to fall off at 230 gauss at the equator and reached unity at 260 gauss. For decreasing external field the curve broke off from the curve for increasing field below an equatorial field of 245 gauss. In this experiment the external field was increased T a b l e V-Solid S p h e r e , T e m p e r a t u r e 1 -74° K-R e s is t a n c e a t and decreased several times. It was found that after the first time the curve for increasing external fields was different, and coincided almost exactly with the curve for decreasing external fields. Finally, fig. 8 and Table VI give the results of an experiment with the hollow sphere at 2-2° K, the same, temperature as for the first of the above two experiments with the solid sphere. For the hollow sphere the curve for increasing external fields was identical with that for the solid sphere. But with decreasing external fields the curve broke off at an equatorial field of 212 gauss, as against 205 gauss for the solid sphere and again had a minimum for very low fields; but the minimum value of the equatorial field was not zero, as measured by the resistance of the bismuth wire. It should be pointed out that in these measurements small equatoria fields could not be determined very accurately, since the resistance of bismuth wire changes only very slightly for fields below about 50 gauss, as can be seen from the slope of the calibration curves in figs. 6 to 8.
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D iscussion of R esults
The experiments both with constant external field and at constant temperature completely confirm the results of the preliminary experi ments. When the specimen is cooled in an external field below its threshold value, lines of force are pressed out and the induction decreases; but part of the flux remains in the specimen and this residual flux is greater for the hollow sphere than for the solid sphere. If we could place a perfectly diamagnetic sphere, i.e., one for which the induction is zero in a homogeneous field, then the intensity of the distorted field at the equator of the sphere would be 50% greater than the original homo geneous field. Now for the solid supraconducting sphere the field at the equator was only 18% above the external field, and for the hollow sphere only 10%. The control experiment on the other hand showed that under special circumstances a supraconducting sphere can behave as if it were perfectly diamagnetic. Indeed, a field excess at the equator of about 50% can be obtained, when the sphere has been cooled to supraconductivity in zero field, if an external field, never greater than the threshold value, is applied.
It is now possible, too, to reject one of the alternative explanations of the phenomena observed in the preliminary experiments. These explana tions were that the observed decrease in induction through a supracon ducting sphere is either due (1) to a homogeneous decrease in the perme ability of the sphere to some value not zero, or (2) to the induction becoming zero in parts of the sphere, while the remainder retains the same permeability as it has when not supraconducting. The control experiment now shows that the first of these explanations is impossible. For the increase of field at the equator would not have been 50% if any lines of force had entered the sphere. Under explanation (1) the control experiment should have given the same excess of field as the experiments in which the specimen was cooled down in a field. In fact, the control experiment shows that as soon as the sphere is once made completely supraconducting, fields smaller than the threshold value cannot penetrate it. Therefore explanation (2) is probably right.
The results of the experiments at constant temperature give us further information. In fig. 9 the results of a typical experiment are given in a z slightly different form, the equatorial field of the sphere Hi being plotted against the external field H. The broken line gives the dependence of Hi upon H when the sphere is not supraconducting, ., at tempera tures higher than 3-7° K. The thick line represents the observations made on increasing and decreasing the field for the first time, starting from H = 0; Hi = 0.
Between 0 and A, when the external field is increased from zero for the first time the equatorial field increases one and a half times as rapidly, which is what would happen for a perfectly diamagnetic sphere. Hence in this condition the supraconductor is magnetically impermeable, and
the induction within it is therefore zero. At A, which corresponds very well for all our experiments with the threshold value determined accurately at Leiden, there is a sudden bend in the curve, and HT increases more slowly until at B Hx = H. AB is clearly the region in which the lines of force are penetrating the sphere. For as soon as the equatorial field reaches the threshold value the sphere stops being supraconducting at the equator. On further raising the field lines of force penetrate more and more, until at B no trace of supraconductivity is left. Beyond B Hx follows the calibration curve, and Hx = H.
If the external field is now lowered, at first Hx follows exactly the curve for increasing field. The lines of force begin to leave the sphere, at the same value B of the external field as that at which they had finished entering the sphere. For some time the lines of force continue to leave the sphere in the same way as they had entered it, but before they have all left, i.e., before the point A is reached, there is a sudden bend in the curve. The lines of force suddenly stop leaving the sphere at the point C, and on further lowering the external field H x decreases rapidly. The explanation of this appears to be that the lines of force still in the sphere are surrounded by one or more supraconducting rings or tubes. The lines of force within them therefore cannot escape from these rings, and appear to be " frozen " inside the sphere. This explanation also conforms with the observed fact that C for the hollow sphere lies nearer to B than for the solid sphere, which means that fewer lines of force have been pressed out of the hollow sphere. For when the body becomes supraconducting, and the lines of force are being pressed out of the tin, they can only be pressed outward from the solid sphere, whereas they can be pressed either outward or inward with the hollow sphere. This means that at the instant when the supraconducting rings which " freeze in " the residual flux are formed, more lines of force are threading the equator of the hollow sphere. Furthermore, this explanation accounts for Meissner's results with a hollow supraconducting cylinder after having become supraconducting, and this on our explana tion would be due to lines of force having been pressed inwards from the material of the cylinder wall.
Below C the curve for decreasing fields runs more or less parallel to the curve for increasing fields. We found that Hj became zero when H was still appreciably above zero. For still smaller values of H, H x increased again and this increase in could reasonably be explained as due to the field of the dipole caused by the " frozen in " lines of force, in this case H x would therefore be in the opposite direction to H. It was this induced dipole which we investigated in the preliminary experiments.
Measurements in this region where we suppose the field of the dipole to be important compared with the external field are inaccurate, as we have already said, because of the low sensitivity of the resistance of bismuth to small magnetic fields. We found that Hx for the hollow sphere did not quite reach zero when we decreased the external field, fig. 8 . This evidently means that some of the " frozen in " lines of force left the sphere in the equatorial zone, thus penetrating the windings of the bismuth wire. Therefore the field in the region of the wire was not prefectly uniform, so that zero field over the whole length of the wire was never attained.
If after raising and lowering the field the first time the external field is raised and lowered a second or third time over the same range, our results show that Hx approximately follows the curve for the first lowering of the field and the curve for the first raising of the field is not again attained. It is possible that this " freezing in " of part of the flux may be partly the cause of the hysteresis which has been observed in the change of the electrical resistance of a wire, as it becomes supraconductive in an external field.* As our experiments clearly show, the magnetic con ditions in a supraconducting body at a constant temperature may depend upon whether the body has, or has not, been non-supraconductive at this temperature. It is also worthy of notice that both the opening and closing of the supraconducting rings always occur at the same point C.
The number of " frozen in " lines of force, as Keeley and Mendelssohn have recently shown,f not only depends on the geometrical form of the body but is also very considerably affected by the degree of purity of the material used.
One other point arises from the same set of observations, and this relates to the changes in Hx in the region AB during the first increasing of the external field, A being that point at which the field at the equator of the supraconducting sphere equals the threshold field. At first sight it would seem that the lines of force should penetrate at once to the centre of the sphere, as soon as H is raised very slightly above the value corre sponding to A ; and thus that the region AB of the curve should be parallel to the axis of H. The fact that we did not observe this, and that Hi increased with H between A and B, requires some explanation. Our observations indicate that lines of force can only completely penetrate the sphere when the field at the equator is appreciably above the threshold value. This anomaly is also reproduced when the field is being decreased, and it appears that lines of force begin to be pressed out of the sphere when the field at the equator, and therefore the field throughout the sphere (since there is a uniform field in this condition), is appreciably greater than the threshold value.
Clearly the anomaly cannot be explained by postulating a slow dying out of persistent currents, for it would not then be reproducible with the field decreasing. At present no satisfactory explanation can be offered. It might be that there are regions in the tin where the threshold value is higher than for the rest of the tin, possibly on account of impurities; and in such regions supraconducting currents could persist in higher fields * de Haas, ' Leipziger Vortrage,' (1932) . t ' Nature,' vol. 134, p. 773 (1934). than in the rest of the tin. Alternatively we might suppose that for a given temperature the magnetic induction of a supraconductor begins to decrease in fields which are higher than those in which the electrical con ductivity is zero, and that a drop in the resistance is only observed when the induction in parts of the material has actually become zero.
Experiments are now being made with a view to solving this question.
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Summary
The magnetic field in the neighbourhood of supraconducting tin spheres has been investigated by two different methods.
It appeared that the induction in a supraconducting tin sphere was only zero when it had been cooled in zero magnetic field and the threshold value was not surpassed in any part of the sphere.
In all cases where supraconductivity set in while an external magnetic field was established, part of the magnetic flux remained in the specimen and the total induction never became zero. These processes have been investigated in detail. It was found that this " freezing in " of part of the flux gave rise to a magnetic hysteresis phenomenon which may be related to the hysteresis observed in conductivity. The percentage of " frozen in " flux was greater in a hollow than in a solid sphere.
These results have been discussed in detail.
